In the current study, there are some considerable issues which focused on: (1) the production of biosurfactant, (2) its correlation with the initial bacterial inoculum in the liquid phase and (3) its effect on polycyclic hydrocarbon (PAH) bioremediation performance. Therefore, two strains Pseudomonas facilis and Pseudomonas spp. were able to form a large clear zone diameter on the oil surface.
INTRODUCTION
Polycyclic hydrocarbons (PAHs) are quite ubiquitous in the environment and consist of over 100 organic compounds containing two or more fused benzene and/or pentacyclic ring structures in linear, angular, or cluster arrangements (Reddy et al. ) . PAHs metabolism in the human body produces epoxied compounds with mutagenic and carcinogenic features which cause cancer in many cases of lung, liver, pancreas, intestines and skin (Morikawa et al. ) . Physical and chemical methods to reduce hydrocarbon pollution are often expensive, time-consuming and most of them are not environmentally friendly. Therefore, bioremediation, as one of the most promising feasible approaches, proposed by the US EPA, remains the method for total removal of hydrocarbon pollutants in the environment (Obayori et al. ) . This technique depends on their bioavailability, as microorganisms can metabolize PAHs to more inert metabolites and even CO 2 and H 2 O. Surfactants are amphiphilic compounds that can help by releasing adsorbed hydrocarbons from soil surfaces, thereby increasing emulsification or solubilization, which leads to enhancing mass transfer rate (Reddy et al. ) . On the other hand, the characteristics of lower toxicity, better environmental compatibility, and biodegradability of biosurfactants made them as desirable surfactants (Lotfabad et al. ) . Biosurfactants are microbial metabolites with a high range of activities in their surface and they reduce surface tension (ST) through accumulating between the interstitial surfaces of two non-mixing phases. In fact, biosurfactants cannot only enhance the removal of hydrocarbons through reducing the ST, but also increase their solubility and availability for degradation. They also make the bacterial cell surfaces more hydrophobic and lead to associating hydrophobic substrates with bacterial cells (Zhang & Miller ; Guo-liang et al. ; Das et al. ; Ayed et al. ) .
Until now, many studies have shown that the production of biosurfactant is a growth-associated process that facilitates hydrocarbon degradation by direct cell contact as a tool for bio-treatment of hydrocarbon-contaminated environments (Kumar et al. ; Obayori et al. ; Reddy et al. ; Singh et al. ) . Although numerous studies were performed on identification of biosurfactants-producing bacteria, no study has been conducted on the effect of inoculum size on the rate of phenanthrene (PHE) removal, so far. Therefore, the overarching objective of this research is to determine the relationship between the inoculum size in producing biosurfactants and PHE removal at both low (50 mg L À1 ) and high (300 mg L À1 ) PHE concentrations.
MATERIALS AND METHODS

Source of microorganisms
Bacterial strains used in this study are demonstrated in Table 1 . Enrichment of the consortium and the its potential in bioremediation of PHE contaminated soils were also reported in our previous study (Kalantary et al. ) .
Isolation of biosurfactant-producing bacteria
In this research, screening the biosurfactant producing bacteria was performed by the oil spreading method, according to Morikawa et al. () . For this purpose, 15 μL of crude oil (Tehran oil refinery, Iran) was previously added to the surface of 40 mL of distilled water in a 15 cm diameter petri dish. Ten microliters of each bacterial isolate culture media, isolated from our previous study, were separately added to the center of the oil surface. Distribution of culture medium on the oil is a quality measure of surface-active compounds in the culture medium. The diameter of clear zones on the oil surface was measured as the activity of biosurfactant. Distilled water was used as a negative control.
Culture media and cultivation conditions
In this study, biosurfactant production (BP) by Pseudomonas facilis and Pseudomonas spp. was performed on the phosphate buffered mineral salt (PMS) medium which contains (g L À1 ): K 2 HPO 4 , 6. (Nayak et al. ) . The medium was supplemented with yeast extract (0.02%) as the co-carbon source and also sterilized for 15 min by autoclaving at 121 W C. In order to investigate the correlation between BP and initial bacterial inoculation in aqueous medium, two bacterial pure culture (P. facilis and Pseudomonas spp. as the best biosurfactant producers obtained from the first stage) in three levels of inoculation size (e.g. OD 600nm ¼ 0.5, 1 and 1.5) were used. Furthermore, PHE (purity, 98%) as the only carbon source was added to PMS medium in two concentrations of 50 and 300 mg/L. Liquid cultures (150 mL) were incubated in 500 mL flasks at the room temperature (22 ± 3 W C) on a rotary shaker at 180 rpm (Heidolph, ProMax2020 model) for a 21-day time period. To investigate either abiotic degradation or evaporation, four chemical blanks (without inoculation) were applied. To account for the bacterial changes in the absence of contaminant, six microbial blanks (without PHE) were also used. The PHE solubility, BP, liquid ST and bacteria were measured at different time intervals (2, 4 and 6 days) as responses. The PHE biodegradation was measured at the end of the 21st day. Based on four different variables and related blank samples, a 36run statistical factorial design was performed in triplicate. The details of the experimental design runs are presented in Table 2 .
Biosurfactant analysis
Methylene blue analysis procedure
Assuming that the surfactant produced by pseudomonas strains was a rhamnolipid anionic surfactant, the concentration of rhamnolipid was considered in triplicate with the modified methylene blue method. In brief, a volume of 5 mL of the liquid medium was mixed vigorously with 5 mL chloroform and 12.5 mL fresh methylene blue reagent (0.1 g of methylene blue, 50 g of NaH 2 PO 4 .H 2 O and 6.5 mL sulfuric acid) (Pinzon & Ju ) . Then, the sample was shaken with 150 rpm for 5 min, and its absorbance was measured at 625 nm wavelength versus pure chloroform as a blank. Calibration curve was established by applying this procedure to different concentrations of commercial purified rhamnolipid.
ST measurement
The ST of cell-free culture broth was measured by using a surface tensiometer (KRÜSS GmbH, Hamburg, Germany) equipped with a 1.9 cm Du-Nuoy's ring at room temperature (25 ± 3 W C) at Tehran University Institute of Biochemistry and Biophysics (Rodrigues et al. b) .
Determination of PHE apparent solubility
In order to estimate the solubilizing effect of the surfactants produced when the bacteria were grown on PHE, samples of culture (1.3 mL) were centrifuged at 500 × g for 30 min and the concentration of pseudo-solubilized PHE was quantified from 1 mL of supernatant (Deziel et al. ) .
For determination of the residual PHE, whole cultures were extracted with acetone and analyzed with high-performance liquid chromatography (HPLC, CECIL Company) using a C18 column (5 μm pore size, 250 mm length and 4.6 mm internal diameter) with a photodiode array detector (Finni-ganSpectraSYSTEM UV6000LP, San Jose, CA, USA). Methanol (90%) and deionized water (10%) were used as the mobile phase, isocratically, at a flow rate of 1.0 mL min À1 . The retention time of PHE was 10.0 min at a wavelength of 220 nm (Reddy et al. ) .
Determination of microbial growth
In order to determine the population of the inoculated culture, the most probable number (MPN) method was used (Kalantary et al. ) . One milliliter of the microbial suspension, which was diluted 10-fold to 10 À10 in a ringer solution (8.5 g NaCl per 1 L DW), was added to 9 mL of the sterile nutrient broth in five replicates of 10 series.
In addition, the analysis of the experimental data and calculation of predicted responses were carried out using the Design Expert software V.7, (Stat-Ease, USA).The diversity of treatment data was also illustrated by SPSS.16 and Excel.
RESULTS AND DISCUSSION
Screening the biosurfactant producing bacteria
Results of screening the strains are shown in Table 1 . In this research, the oil spreading method was used to detect produced biosurfactant using different types of microorganisms. According to Table 1 , among the applied strains, approximately 37% of them were able to create a large area (þþ þ þ) on the oil surfaces, 12% showed to have the score (þþþ) and the remaining 12% possessed (þ). On the other hand, 37% of the strains did not show the ability to distribute the oil onto the water surfaces. Among several bacterial strains isolated, two potent biosurfactant-producing bacterial strains, P. facilis and Pseudomonas spp., were identified and examined as the most significant ones to create the clear zone on the oil surface.
The effects of variables on producing biosurfactant
According to Table 2 , the production of biosurfactant and the growth of strains witnessed an increasing trend during the incubation time. The difference between BP on the second and fourth days shows an enhancement in production on day 4, compared to day 2 ( Figure 1 ). It implies that the biosurfactant producer has the ability to absorb and consume PHE for growth and metabolism (Deziel et al. ) . Among the studied experimental variables, time was the most effective factor on producing biosurfactant (P < 0.0001). Initial inoculums density (Factor C) had a positive effect on BP, so that the production at OD 600 ¼ 1.5 was more than OD 600 ¼ 0.5 on days 2, 4 and 6. Furthermore, statistical test of analysis of variance (ANOVA) confirms the fact that BP has raised vastly by increasing initial bacterial There was a significant positive correlation between bacterial population changes and BP with a Pearson rank correlation coefficient, r ¼ 0.944, P ¼ 0.001, and R 2 ¼ 0.892 (Figure 2(a) ). It demonstrates that a rise in cell growth led to the production of more biosurfactant. Besides, the correlation between bacterial population changes and initial bacterial inoculums was not reasonable (r ¼ 0.328, P ¼ 0.001) which confirms that the growth did not depend on initial inoculums and more bacteria inoculation would not necessarily result in producing more biosurfactant. In spite of increasing BP by Log bacterial population, no significant correlation was observed between initial OD concentrations and BP, r ¼ 0.5, P ¼ 0.001. On the other hand, the initial ST of the samples reduced by increasing BP over time, so that the lowest value of the ST (29 and 30.7 mN m À1 using P. facilis and Pseudomonas spp., respectively) remained nearly until the end of the period (6 days), implying that the critical micelle concentration (CMC) could probably be attained. Also, the linear regression of the ST reduction versus BP proved that there is a strong relationship between ST and BP which is associated with the cell growth, r ¼ À0.905, P < 0.001, R 2 of 0.822 (Figure 2 The impact of initial PHE concentration (Factor B) on BP was shown to be positive. As a result, by increasing the initial concentration of PHE, BP will be escalated (P < 0.0001). However, according to F-value, this effect is much lower than the initial bacterial inoculation.
The simultaneous effect of interaction of BC factor on BP on the second day (Figure 1(a) ) shows that OD factor is more influential than PHE concentration. Therefore, by extrapolating the OD lines and PHE concentration, interaction will be found the intersection point which is 2.25 for OD, and it implies more effectiveness of OD on BP compared to substrate concentration. Over the period of 6 days, the influence of initial OD decreased between the range of 0.5-1.5, so that the effect of initial concentrations of 50 and 300 mg/L PHE on BP appears roughly parallel (Figure 1(c) ). The reduction of the effect of OD, compared to PHE concentration during the incubation time, could be either considered as a result of the biosurfactant consumption by bacterial population as a carbon source or logarithmically increase in bacterial population (Mohanty & Mukherji ; Rodrigues et al. ) . This bacterial population (OD ¼ 0.5-1.5) seems to be enough to consume 50 mg L À1 PHE and produce biosurfactant. Over the time, the bacterial population has grown and PHE has been the only source of carbon to use and produce biosurfactant. Therefore, we can draw the conclusion that in an OD range of 0.5 to 1.5, PHE concentration has a positive consequence on producing biosurfactant. Regarding the matter that there is no significant difference between the initial PHE concentrations of 50 and 300 mg L À1 , bacterial inoculum has the capability of producing biosurfactant in the mentioned range using the existing substrate (50 mg L À1 ).
The results of this research showed the low impact of substrate concentration versus OD in the range of OD ¼ 0.5-1.5, and demonstrated that more study is required at higher range of OD in order to display the interactions of any OD variables or PHE concentration.
The effects of variables on PHE solubility
The results of the statistical test of ANOVA revealed that the linear model selected for this phase is quite acceptable (P < 0.0001). Based on the obtained data and results, contact time was the most effective factor on PHE solubility, among the studied experimental factors (Figure 3 ). Based on Table 2 , the effect of initial bacterial inoculums density on PHE solubility is more intense at the higher level of OD (OD 600 ¼ 1.5), compared to the lower levels (OD 600 ¼ 0.5) (P < 0.0001). The initial concentration of PHE is shown to have a significant positive effect on PHE solubility in the presence of both bacterial strains (P < 0.0001). Therefore, at initial PHE concentration of 300 mg L À1 , PHE solubility was much greater than that following the addition of 50 mg L À1 PHE, especially on the second day (a significant difference was observed between initial PHE concentration of 50 mg L À1 and 300 mg L À1 on the second day). However, with passing the time, the effect of initial PHE concentration on PHE solubility decreased and the results were similar at both high and low initial PHE concentrations (Figure 4(c) ). In addition, the interaction between initial bacterial inoculum density and PHE initial concentration on PHE solubility showed that there is a parallel relationship between increasing PHE solubility and the two mentioned factors. The solubility increased in the range of OD ¼ 0.5-1.5 by rising the initial concentration of PHE. This finding shows that the effect of these two factors are still parallel at higher levels and there is no interaction point between these factors, that are the indication of the greatest effect on PHE solubility (P ¼ 0.37). The produced biosurfactant can potentially enhance the remediation efficiency through solubilizing PAH for better consumption by microorganism ( Table 2) . Findings of Deziel et al. () showed that naphthalene solubility represented an increasing trend from 10 to 70 mg L À1 with the passage of the time in a 12-day period. In the present study, 100 mg/L dissolved PHE was detected on the sixth day. One proper strategy to increase the solubility of PAHs is their trapping in biosurfactant micellar structure which results in increasing BP, solubility and bioavailability (Das et al. ) . While the other includes their role in reducing the ST at the air-water interface by increasing the surface activity (Ayed et al. ) . Our results suggest a correlation between BP and solubility PHE (r ¼ 0.965, P ¼ 0.001 and R 2 of 0.932) (Figure 2(c) ).
In order to determine the effectual factors on average solubility of PHE, the linear regression was applied to find out the optimum model (Table 3) . Based on this, for each unit change in BP, the mean value of PHE solubility changed 0.37 of a unit (P < 0.001). A statistically meaningful increase was also observed in the mean value of PHE solubility by 0.66, with one unit change in ST (P < 0.05). Based on the linear regression model in the present study, 94% of the variations of PHE solubility mean value were explained by the variables of BP and ST, indicating the high accuracy of the model. Furthermore, the correlation between PHE solubility and BP was positively significant with R 2 of 0.94.
In order to determine the rate of PHE degradation in liquid medium, the amount of residual PHE was measured (data not shown). The rates of capability of P. facilis and Pseudomonas spp. in degrading PHE during 21 days were 88.44% and 85.7% at different conditions, respectively. It seems that the biodegradation of hydrophobic pollutants by microbes is a natural process in which the bulk of the contaminant was used as a source of organic carbon which led to partitioning the petroleum compounds into the aqueous solution (Rahman et al. ) .The initial bacterial inoculum had a positive effect on removing PHE from the samples causing a higher removal in bacterial inoculum (OD ¼ 1.5). Additionally, the effect of initial PHE concentration on the removal efficiency showed that at higher PHE concentrations, the removal efficiency increased (P < 0.0001). Zhao et al. () reported that the strains used also have an effective impact on the removal efficiency at different PHE concentrations, so that the ZP2 strain was able to remove 90% of the PHE in the concentration range between 250 and 1,000 mg L À1 . Whereas, increasing PHE concentration reduced its removal efficiency by Sphingomonas ZP1 (Zhao et al. ) .
According to the obtained results, the highest removal efficiency of PHE was obtained by P. facilis strain at OD ¼ 1.5 and 300 mg L À1 concentration. According to Obayori et al. () , Pseudomonas LP1 degraded 92.34% of crude oil after 21 days by means of producing biosurfactant.
Bacterial growth, in this research, is similar to the literature review, however, the amount of growth was different accessing the hydrocarbon and accumulation of degradation intermediates (Nayak et al. ) . Production of biosurfactant not only led to increasing the surface area of the substrates, but also enhanced their apparent solubility and also influence the cell-surface hydrophobicity of bacterial cells towards hydrophobic substrates such as PHE (Beal & Betts ; Das & Mukherjee ; Nayak et al. ) .
According to the experimental data, a parallel relationship was observed between BP and cell growth until the fourth day (Table 2) that completely matches with the study of Desai & Banat () , in which a parallel relationship was established between cell growth and BP using an Acinetobacter calcoaceticus strain.
The reduction of ST, in this study, is very similar to the results of the other researchers. Lotfabad et al. () observed that the ST in the water medium reduced to 28 mN m À1 using Pseudomonas aeruginosa MR01 after 3 days of incubation. In another study conducted by Nayak et al. () , the ST of the culture medium was reduced to 29 mN m À1 . However, carbon and energy sources and cultivation conditions in our study were different, which confirm the high potential of this kind of bacteria for producing biosurfactant and increase in biodegradability of PAHs in a simulated medium. The results of the current study suggest that a correlation could be established between growth phase of strains and decreasing the culture ST. It could be recommended that the bioavailability of PHE is not only able to increase from the beginning of the cell growth, but also enhances its biodegradation (Das et al. ) . The high level of removal at higher OD revealed that in bioremediation of environments contaminated with different hydrocarbons which suffer from the poor availability of such hydrophobic contaminants to microorganisms, inoculation of biosurfactant producing bacteria and addition of its own biosurfactant could have a good potential in biodegradation of PAHs and fossil fuels.
CONCLUSION
Results of this research showed that two strains of P. facilis and Pseudomonas spp. could degrade PHE by producing appropriate biosurfactant during the growth phase using PHE as the sole carbon and energy source. The ability of P. facilis strain for PHE solubility and BP was apparently more than Pseudomonas spp. which could reduce ST from 72 to 29 mN m À1 in the liquid medium during a period of 6 days. More initial bacterial density led to increasing PHE removal efficiency (P < 0.0001), but there was not a strong correlation between the initial bacterial populations and PHE biodegradation or BP. Furthermore, a significant positive correlation was observed between BP and PHE solubility over the studied time-period.
